Abstract-Piperonyl butoxide (PBO) is a synergist of pyrethroid pesticides found in many products for structural pest control, mosquito control, and home and garden uses. Because both PBO and pyrethroid residues potentially co-occur in urban creeks, this study determined if environmental levels of PBO were capable of synergizing pyrethroids in the environment. Three types of toxicity tests were conducted with the amphipod Hyalella azteca to determine the minimum PBO concentration required to increase toxicity of the pyrethroid permethrin: Sediment was spiked with permethrin only; permethrin and overlying water spiked with PBO; and permethrin, PBO, and overlying water spiked with PBO. In tests with PBO added to both water and sediment, PBO concentrations of 2.3 g/L in water and 12.5 g/kg in sediment reduced the permethrin median lethal concentration (LC50) nearly 50% to 7.3 mg/kg organic carbon (OC). Higher concentrations of PBO increased permethrin toxicity up to sevenfold. In exposures with PBO in water alone, 11.3 g/L was required to increase permethrin toxicity. Urban creek sediments from California and Tennessee, USA, had PBO concentrations in the low g/kg range; only one water sample was above the detection limit of 0.05 g/L. Wetlands in northern California also were sampled after application of pyrethrins and PBO for mosquito abatement. Sediment and water PBO concentrations within 12 h of abatement spraying peaked at 3.27 g/kg and 0.08 g/L, respectively. These results suggest that environmental PBO concentrations rarely, if ever, reach concentrations needed to increase pyrethroid toxicity to sensitive organisms, though available data on environmental levels are very limited, and additional data are needed to assess definitively the risk.
INTRODUCTION
Piperonyl butoxide (PBO) was first reported as a pyrethrin synergist in 1947. Today, it also is used to enhance toxicity of the newer pyrethroid pesticides, which increasingly are used for many applications since the recent withdrawal of nearly all products for residential use in the United States containing the organophosphates diazinon and chlorpyrifos. Reported commercial use of PBO (excludes retail sales) in California, USA, in 2003 totaled over 18,000 kg (www.cdpr.ca.gov). This total includes applications for structural pest control (6,900 kg), mosquito control (7,330 kg), and landscape maintenance (200 kg). For example, Drione is used widely for structural pest control, and contains 1% pyrethrins and 10% PBO. Scourge is used for control of adult mosquitoes, and contains 18% resmethrin and 54% PBO. Piperonyl butoxide also is used to synergize agricultural pyrethroids. However, there was 127,500 kg of pyrethroids used in California agriculture in 2003, but only 2,700 kg of PBO, so it is clear that most of the agricultural pyrethroids are applied without a PBO synergist.
Piperonyl butoxide itself is not particularly toxic to animals; typical 96-h median lethal concentrations (LC50s) are in the low ppm range: 0.53 mg/L for Hyalella azteca, 2.74 mg/L for Chironomus tentans, and 3.54 mg/L for Lumbriculus varie-gatus [1] . Erickson [2] reported a 96-h LC50 of 11.2 mg/L for rainbow trout, and 4.2 mg/L was reported for bluegill over the same test duration [3] . The toxicological significance of PBO lies in its ability to inhibit the mixed function oxidase enzymes, blocking natural detoxification pathways. Thus, PBO can enhance toxicity of compounds, such as pyrethroids, that are degraded by this pathway [4, 5] and reduce toxicity of some organophosphate pesticides that require activation by mixed function oxidases [6] . Due to these distinctive effects, PBO also is used as a tool to identify certain types of pesticide toxicity in toxicity identification evaluations [7] .
Technical-grade PBO is a yellow oil, soluble in water, with a log K OW of 4.75. It is relatively stable in water-sediment systems: In the dark, 91% of the parent compound remained after 181 d under anaerobic conditions. In the presence of oxygen, 72% remained after 30 d in the dark. Soil degradation rates were much faster, however, with half-lives ranging from 1 to 4 d. Exposure to sunlight also rapidly increases degradation of PBO. In a neutral, aqueous solution exposed to sunlight, the half-life of PBO is just a few hours ( [8] ; www.ipfsaph.org). Piperonyl butoxide is detectable in surface waters, though there have only been a few attempts to measure concentrations in the environment. Piperonyl butoxide concentrations ranging from below the detection limit of 3.3 ng/ L to 48.4 ng/L were measured in California rivers [9] [10] [11] . A concentration of 1,600 ng/L was reported from a single sample in a region of Spain known for rice and fruit production, though all other samples collected in that study were below the 50-ng/L detection limit [12] . In suspended and bed sediments, PBO was undetectable at 1.2 g/kg in rivers from the Salton Sea watershed [13] . The only other known published PBO sediment data are from application to an experimental soil plot. Piperonyl butoxide concentrations dropped rapidly from 840 g/kg immediately after application to 3 g/kg in 30 d [14] .
Data also are emerging on environmental concentrations of pyrethroid pesticides. In a survey throughout the Central Valley of California, an area of intensive agriculture, pyrethroids were found in 86% of the sediment samples [15] . In nearly 70% of those samples showing acute toxicity to Hyalella azteca, pyrethroid concentrations were high enough to account for it, even without considering potential synergism of PBO. In the Salton Sea watershed, permethrin, lambda-cyhalothrin, and bifenthrin were detected occasionally in suspended and bed sediments at concentrations ranging from above the detection limit (0.5-1.4 g/kg) to 18.7 g/kg [13] . Since 1991, the U.S. Geological Survey's National Water Quality Assessment has analyzed bed sediments from over 2,600 sites for permethrin; nine sites across the USA were above the detection limit (usually 5 g/kg) with permethrin concentrations reaching 33.6 g/kg (www.usgs.gov). Data are minimal on the distribution of pyrethroid pesticides in urban systems. Recent sampling around suburbs of Sacramento, California has found several pyrethroids, and particularly bifenthrin, in sediments of urban creeks often at concentrations sufficient to cause toxicity to sensitive invertebrates [16] . In addition, the amount of pyrethroids currently used in California for structural pest control, landscape maintenance, and public health applications is nearly twice that used in agriculture. This total does not include consumer home and garden use for pest control (it is not tracked by the State's Pesticide Use Reporting database), and therefore it seems likely that sediments in urban and suburban neighborhoods throughout California and potentially other portions of the United States may contain detectable pyrethroid concentrations.
This study was designed to determine PBO concentrations required to synergize toxicity of pyrethroids and whether or not these PBO concentrations are found in the environment. We address these issues by establishing the minimal PBO concentration required to increase permethrin toxicity to the amphipod H. azteca. Sediment LC50s for permethrin in spiked reference sediment were determined under three PBO exposure scenarios: No PBO, PBO exposure via water alone, and PBO spiked into both water and sediment at steady state concentrations. Additionally, sediment and water samples from urban creeks in northern California and Tennessee, USA, were collected and analyzed for PBO to determine typical urban concentrations. Wetlands in northern California sprayed with a mosquito adulticide containing PBO also were sampled shortly after application to determine PBO concentrations in water and sediment.
MATERIALS AND METHODS

Sample collection
Reference sediment for use in spiking experiments was collected in October 2003 from the South Fork of the American River (CA) about 2 km west of the confluence with Weber Creek, in Placer County near Folsom Lake. Sediment was collected by skimming the top 2 to 3 cm of sediment and sieving the material on a 1-mm screen. Sediment passing through the screen was homogenized and frozen until use. Chemical analysis showed no detectable concentrations (Ͻ1 g/kg) of pyrethroids and the material had an organic carbon (OC) content of 1.87%.
Sediment and water samples were collected for PBO analysis from six urban creeks in the San Francisco Bay (CA, USA) area and sediments were collected from 16 sites in Sacramento, California, and Nashville, Tennessee, USA. In the San Francisco Bay region, water samples were collected in April 2004 by filling 4-L glass jars after an initial rinse with creek water. Sediment was collected at least twice: Once in late spring (April 2004) and again after the first fall storm event (October 2004). Two Sacramento, California, creeks and 14 sites from 12 creeks in Nashville also were sampled once in 2004. The surficial 2 to 3 cm of sediment was collected using a stainless steel scoop. Sediments and water samples were transported on ice to the laboratory. Water samples were extracted immediately onto C18 solid-phase extraction cartridges (Agilent Technologies, Palo Alto, CA, USA) using 500 ml of unfiltered sample. Sediments were stored at 4ЊC for up to one week before homogenization using a stainless steel bowl and spoon. The C18 cartridges and sediment samples were frozen at Ϫ30ЊC until chemical analysis. The same procedures were used for laboratory-spiked water and sediment samples.
Sediment and water samples also were collected from wetland sites in the Colusa and Delevan National Wildlife Refuges Mosquito Abatement district applied Pyrenone 5-25, an adulticide mixture of 5% pyrethrin I and II and 25% PBO, at dusk using ultralow-volume foggers. The U.S. Fish and Wildlife Service collected samples the morning after mosquito adulticide application in order to evaluate possible accumulation of Pyrenone after repeated applications. Initial water and sediment samples were collected from the wetlands one week prior to the treatment period to obtain background concentrations. Additionally, water and sediment samples from the wetland inflow pipe were collected one week prior to, and also during, the initial adulticide application to obtain background PBO concentrations entering the wetlands. Sediments were collected with an Ekman hand grab (Forestry Suppliers, Jackson, MS, USA), and the upper 1 cm of sediment was retained. Occasionally, 1-L water samples were collected. At each site, three water and sediment samples were collected in individual containers and composited prior to analysis. Sampling continued throughout the 6-week abatement treatment period from September through October 2004.
Spiking of water and sediment
Permethrin (20% cis, 78% trans) was purchased from Chem Service (West Chester, PA, USA). It was chosen as a model pyrethroid because it is one of the most widely used pyrethroids in California. It also is useful for study because it has relatively low toxicity compared to other pyrethroids, allowing accurate analytical quantification of permethrin concentrations when synergized with PBO. Many other pyrethroid LC50s are near the analytical detection limit even without synergism with Effect of piperonyl butoxide on permethrin toxicity Environ. Toxicol. Chem. 25, 2006 1819 PBO; exposure to PBO with more potent pyrethroids potentially could result in an LC50 below the method detection limit. Permethrin was dissolved in an acetone carrier and spiked into sediments using Ͻ200 l acetone/kg wet sediment. This concentration of acetone previously has been shown to have no effect on pyrethroid toxicity to H. azteca [17] . Nominal sediment permethrin concentrations ranged from 31 to 540 ng/g. Technical-grade PBO (90% purity) was purchased from Sigma-Aldrich (St. Louis, MO, USA). Piperonyl butoxide was dissolved in methanol and spiked into the sediment using Ͻ75 l methanol/kg wet sediment. Nominal sediment PBO concentrations ranged from 0.5 to 313 ng/g, and a solvent control for methanol at 75 l methanol/kg wet sediment (and 25 l methanol/L) was included among the treatments.
After spiking, the sediments were mixed with a steel paint mixing attachment in an electric drill and aged at 4ЊC for 11 to 12 d. Aliquots then were removed for chemical verification.
Water was spiked with PBO in methanol using 25 l methanol/ L immediately before use, and the solution was mixed with a magnetic stirrer.
Some treatments involved spiking PBO into overlying water only. Piperonyl butoxide concentrations ranged from 0.1 to 56.3 g/L, and the overlying water was replaced with a fresh solution containing PBO at the desired concentration every 24 h. Other treatments involved spiking PBO into sediment, and then changing the water daily with water to which PBO had been added. The treatments in which PBO was added to both the sediment and water were intended to begin the toxicity testing exposures with approximately steady state conditions so that PBO would be less likely to partition into the sediments, reducing the aqueous exposure concentration. In these cases, nominal PBO water concentrations were the same as water-only PBO exposures, and the PBO sediment spiking concentrations were determined assuming a PBO K OC ϭ 400 [18] . A 1.39% organic carbon content of the sediments was assumed based on analysis of a previous batch of sediment. When organic carbon data for the batch of sediments actually used in these experiments became available, it was determined to be 1.87%; thus, the PBO sediment concentrations may have been slightly below steady state levels. However, this error is not thought to be significant given the uncertainty in actual PBO K OC values, for which estimates range from 400 to 1,800 ( [8, 18] ; www.pesticideinfo.org).
Chemical analyses
Spiked sediment samples were analyzed for permethrin and PBO, but water samples were analyzed only for PBO. The sediment was analyzed for permethrin following the methods of You et al. [19] on an Agilent 6890 series gas chromatograph equipped with an Agilent 7683 autosampler and an electron capture detector (Agilent Technologies). Two columns from Agilent, a HP-5MS (30 m ϫ 0.25 mm; 0.25-m film thickness) and a DB-608 (30 m ϫ 0.25 mm; 0.25-m film thickness) were used for confirmation. Sediment was sonicated with acetone and methylene chloride and the extract was cleaned with deactivated Florisil. Ethyl ether and hexane were used as elution solvents, and the eluent was evaporated and redissolved in 2 ml of hexane. Half of the extract (1 ml) was used for permethrin analysis after dilution to a concentration within the calibration curve. Due to the hydrophobicity of permethrin, all pyrethroid sediment data are reported normalized to sediment organic carbon content.
The other half of sediment extract (1 ml) was used for PBO analysis that was performed on a high-performance liquid chromatography (HPLC) after further C18 solid-phase extraction cleanup. The hexane extract was solvent exchanged to 1 ml of methanol, and then diluted into 200 ml water. This solution, as well as a 6-ml water glassware rinse, was loaded on a previously conditioned solid-phase extraction cartridge, and the eluent was discarded. After drying the cartridge, PBO was eluted with 6 ml of methanol and the eluent was evaporated to 1 ml. In the case of the water samples, 500 ml of sample was loaded directly onto the solid-phase extraction cartridge.
Piperonyl butoxide concentrations then were determined on an Agilent 1100 series HPLC equipped with fluorescence detector (FLD) and ultraviolet detector (Agilent Technologies) and using a ZORBAX SB-C18 5 m, 150 ϫ 4.6 mm column (Agilent Technologies). A mobile phase of methanol and water was used for PBO separation. The flow rate was 1.1 ml/min and the injection volume was 25 l. The excitation and emissions wavelengths were 295 and 335nm for fluorescence detection, and a wavelength of 287 nm was used for ultraviolet detection. With method detection limits of 0.007 g/L and 0.3 g/kg, the reporting limits were set at 0.05 g/L and 5 g/kg for water and sediment samples, respectively. The above procedure was followed for all Sacramento and San Francisco area urban creek samples. Piperonyl butoxide concentrations in a subset of these samples were verified by HPLC-mass spectroscopy (HPLC-MS) at the Marine Sciences Research Center, Stony Brook, New York, USA. Sediment and water samples collected from the Colusa and Delevan NWRs were analyzed via HPLC-MS by California Department of Fish and Game Water Pollution Laboratory, Rancho Cordova (CA, USA).
Test sediments were wet sieved to determine grain-size distribution and analyzed for organic carbon content on a CE-440 elemental analyzer from Exeter Analytical (Chelmsford, MA, USA), following acid vapor treatment to remove inorganic carbon.
Toxicity testing
Ten-day toxicity tests with the freshwater amphipod H. azteca were performed on sediments using standard U.S. Environmental Protection Agency protocols [20] . All toxicity tests were conducted at 23ЊC with a 16:8-h light:dark cycle in 400-ml beakers (four replicates per concentration) containing 50 to 75 ml of spiked sediment and 300 ml of moderately hard water reconstituted from Milli-Q purified water (Millipore, Billerica, MA, USA). Ten amphipods, 7 to 10 d in age, were added to each beaker at test initiation. A yeast, cerophyll, and trout chow mixture was fed daily during the 10-d tests. Water changes (80%) using freshly prepared PBO-spiked water were performed every day, and water samples were taken prior to water renewal after 24 h and again on day 10 for analysis of temperature, dissolved oxygen, pH, conductivity, alkalinity, hardness, and ammonia. Sediment samples were taken for permethrin and PBO analysis at test initiation. Water samples were taken for PBO analysis at test initiation, again after 24 h before water exchange, and finally on day 10 at the conclusion of the test. All beakers were aerated gently and continuously. Tests were terminated by sieving contents of the beakers over a 425-m screen and counting the surviving amphipods. 
Statistics
Toxicity data were analyzed using ToxCalc 5.0 software (Tidepool Scientific Software, McKinleyville, CA, USA). Survival data were arc-sin transformed prior to analysis. The Spearman-Karber method was used to determine LC50s and associated confidence intervals for each permethrin/PBO mixture. Abbott's correction was applied in a few cases to account for control mortality.
RESULTS
Spiking recovery
Mean recovery of PBO spiked into water in the toxicity tests was 112 Ϯ 11% of the initial nominal concentrations (Table 1) . Over the 24-h period between water renewal in the beakers, PBO declined to 70 Ϯ 10% of the initial concentrations. Because PBO is susceptible to photodegradation, this loss most likely is due to breakdown in the test water, although additional losses to adsorption, evaporation, or other loss mechanisms have not been evaluated.
Sediments spiked with permethrin and PBO had recoveries lower than nominal concentrations. In five samples, mean permethrin recovery at test initiation was 69 Ϯ 7%. Low recoveries may have been due to degradation during the 12-d aging period, adsorption on container walls (glass), or incomplete chemical extraction from the sediments. Recoveries in this range have been typical of past uses of the same spiking and analytical techniques [17] . Piperonyl butoxide recovery in sediments averaged 58 Ϯ 25%, with loss possibly due to degradation during sediment aging. All data reported are based on nominal concentrations.
Toxicity testing
Control survival in all tests averaged 96 Ϯ 4%, and all water-quality parameters were acceptable. Addition of PBO in the absence of permethrin had no toxic effect at any concentration used (up to 56 g/L); mean survival in all tests with PBO in sediment and/or water, but with no permethrin was 96 Ϯ 3%. Permethrin LC50s for H. azteca in this study were 14 Hyalella azteca exposed to PBO and permethrin in laboratory toxicity tests exhibited higher mortality than those exposed to permethrin alone. In the tests conducted with PBOspiked sediment and water, permethrin was approximately twice as toxic if the organisms were concurrently exposed to PBO at 12.5 g/kg and 2.3 g/L (permethrin LC50 reduced from 14.2 to 7.3 mg/kg OC; Table 2, Figure 1A ). Higher concentrations of PBO reduced the LC50 by even greater amounts. A 3.5-fold increase in toxicity was noted for permethrin when Table 2 . OC ϭ organic carbon. also exposed to PBO at 11.3 g/L and 62.6 g/kg. Piperonyl butoxide concentrations of 56.3 g/L and 313 g/kg resulted in a permethrin LC50 of just 2.0 mg/kg OC, a sevenfold increase in toxicity. The synergistic effect of PBO on permethrin toxicity is seen clearly by a dose-dependent shift in the doseresponse curve to the left and an increase in the slope of the curve at higher PBO concentrations.
In toxicity tests conducted with only PBO-spiked water, permethrin toxicity also was increased (Table 2, Figure 1B) . A PBO concentration of 2.3 g/L, which significantly changed permethrin toxicity in the spiked sediment and water treatment, resulted in a slight, but not statistically significant, increase in permethrin toxicity in the spiked water-only tests. A PBO concentration of 11.3 g/L was necessary to increase significantly permethrin toxicity, reducing the LC50 from 14.2 to 8.6 mg/ kg OC. Permethrin toxicity was increased by a greater amount in tests where PBO was spiked into both sediment and water, as compared to tests with PBO exposure via water alone. Because both types of tests were conducted using the same nominal PBO water concentrations, this effect probably was due to two factors. First, PBO in the water-only tests would partition into sediment, reducing the bioavailable fraction in the overlying water and pore water. Sediments were spiked with steady state concentrations of PBO to eliminate PBO flux to sediments in tests with PBO in sediment and water. Additionally, H. azteca probably is exposed to a mixture of overlying and pore water [21] [22] [23] . When only the overlying water is spiked, dilution of PBO with pore water in the surficial sediments occupied by H. azteca would reduce the exposure concentration below that measured in the overlying water.
Urban creek sampling
Sediment collected from urban creeks in the San Francisco Bay area contained detectable PBO at least once at every site (Table 3) . In April 2004, the reporting limit for PBO was 1 g/kg; concentrations measured by HPLC-FLD ranged from 2.6 to 8.9 g/kg. In October 2004, only two of eight sediments contained PBO above the reporting limit of 5 g/kg. Piperonyl butoxide concentrations in Kirker and San Leandro sediments were verified by HPLC-MS, a more accurate method for determining compound identity. Both were found to contain 1.8 g/kg PBO, compared to the 3.6 and 8.9 g/kg reported by HPLC-FLD. Because HPLC-MS offers compound identification, the lower values of 1.8 g/kg PBO are considered more accurate and suggest that other contaminants may be misidentified as PBO by the HPLC-FLD at times. With the only two verified samples containing 20 and 50% PBO of that reported by HPLC-FLD, it is not possible to generalize whether these ratios are typical of the other environmental sediment samples.
Water samples typically were below the detection limit for both methods, although Lauterwasser Creek did contain 0.13 g/L PBO as measured by HPLC-MS (0.068 g/L by HPLC-FLD). It is unclear why HPLC-FLD detected a lower concentration than HPLC-MS in this sample. Theoretically, peaks detected by HPLC-FLD could contain both PBO and other coeluting contaminants, whereas HPLC-MS offers more accurate compound identification, resulting in PBO concentrations typically lower than determined by HPLC-FLD. However, in the absence of co-eluting contaminants, HPLC-FLD performs quite well: Recoveries were 112% of nominal in laboratory water spiked with PBO (Table 1) . Taken together, these data suggest that HPLC-FLD would be an appropriate screening tool for detecting PBO in environmental samples, with PBO detection verified by HPLC-MS.
Out of the 14 urban creek sediments sampled in Nashville, only three sediment samples contained PBO in sediment above the reporting limit of 5 g/kg. These concentrations were 5.5, 7.7, and 26.2 g/kg PBO. This range overlaps with effective synergistic concentrations in laboratory tests with PBO-spiked sediment and water. Neither of the two creek sediments collected from Sacramento contained detectable concentrations of PBO.
Mosquito abatement sampling
None of 20 sediment samples or 12 water samples collected at the control site, Delevan NWR, contained detectable levels of PBO (data not shown). In Colusa NWR wetlands, PBO was detected in 10 of 18 sediment samples taken during mosquito abatement activities, although only two samples contained PBO above the 2.0 g/kg reporting limit (Table 4) . Sediment PBO concentrations 12 h following ultralow-volume fogger application of Pyrenone 5-25 peaked at 3.3 g/kg. Prior to the initial Pyrenone 5-25 application and one week after applications had ceased, sediment PBO concentrations were below the reporting limit. In water samples, PBO was detectable in seven of eight water samples collected within 12 h of abate-Environ. Toxicol. Chem. 25, 2006 E.L. Amweg et al. ment spraying. Three of these samples were above the 0.01 g/L reporting limit with concentrations ranging from 0.04 to 0.08 g/L. Water PBO concentrations were below the reporting limit one week after abatement activities.
DISCUSSION
The results of this study suggest that PBO synergism in the environment is possible, although not likely under most conditions. In laboratory tests, 2.3 g/L PBO in water and 12.5 g/kg in sediment significantly increased 10-d permethrin toxicity. The synergistic sediment concentration of PBO was exceeded by concentrations in two of the 30 urban creek samples: 26.2 g/kg in a Nashville creek and 12.7 g/kg in Lion Creek, but considering the possibility of overestimation by HPLC-FLD, urban sediment concentrations actually may be lower. Peak sediment concentrations of PBO following mosquito abatement activities were fourfold below effective synergistic concentrations. No tests were conducted with PBO-spiked sediment only; however, assuming H. azteca is exposed to a mixture of pore and overlying water [21] , in the absence of overlying water PBO exposure, sediment PBO concentrations necessary to cause synergy are probably far higher than any seen in these environmental samples.
Only one of the six urban creek water samples contained PBO concentrations above the 0.050 g/L reporting limit. This sample, from Lauterwasser Creek, contained 0.068 g/L (by HPLC-FLD) or 0.13 g/L (by HPLC-MS); the concentration was at least 18 times too low to affect permethrin toxicity based on these laboratory experiments. The concentration of PBO necessary to synergize other pyrethroids was not determined, but presumably would be comparable to that for permethrin, because a PBO-induced inhibition of p450 activity would affect detoxification of all pyrethroids.
Given the results from this study, higher environmental PBO concentrations would be necessary in order to exert a synergistic effect with pyrethroids, perhaps in the case of pulses of PBO carried in to surface waters by storm events, or more likely when surface waters are contaminated directly during mosquito spraying. However, even 12 h following mosquito abatement applications of PBO using ultralow-volume foggers, peak water concentrations were just 0.08 g/L, about 3% of synergistic levels. Although PBO frequently was de- Table 4 . Piperonyl butoxide (PBO) concentrations in sediment and water collected from the Colusa National Wildlife Refuge (CA, USA) following application of Pyrenone 5-25 for mosquito abatement purposes. The reporting limit for sediment and water was 2.0 g/kg and 0.01 g/L, respectively; the detection limit was 1.0 g/kg and 0.005 ng/L, respectively. ϽRL ϭ detected but less than reporting limit; ND ϭ not detected; NA ϭ not available because no sample was collected tected in water samples following mosquito abatement application of Pyrenone 5-25, concentrations were not elevated above those found in urban creek samples. Sediment pyrethroid residues that co-occurred with PBO contamination also would be required in order for increased toxicity to invertebrates with similar sensitivities to H. azteca. Piperonyl butoxide synergism could occur only under a limited set of environmental circumstances, and it seems likely environmental PBO concentrations typically would not alter pyrethroid toxicity. However, this conclusion must be somewhat qualified by the relatively small data set available for this study on environmental PBO concentrations.
It is important to bear in mind that only the amphipod H. azteca was tested in this study. It is one of the more sensitive species to pyrethroids tested to date [15] , and therefore the effect of PBO and pyrethroids on other aquatic organisms is not immediately clear. Insect populations are known to develop insecticide resistance by increasing detoxification enzymes, including increased p450 metabolism. In a pyrethroid and organophosphate pesticide resistant tobacco budworm population, PBO was two to 11 times more effective as a synergist than in a nonresistant population [24] . In beet army-worms, PBO was 14 times more effective as a synergist in pyrethroidresistant populations than nonresistant populations [25] . Thus, if pesticide resistance exists in wild populations, exposure to PBO may enhance pyrethroid toxicity at concentrations lower than found in the present study.
Pyrethroid resistance in insects also has been shown to confer crossresistance among pyrethroids and DDT, with partial reversal to susceptibility with exposure to PBO [26] [27] [28] . Although several molecular resistance mechanisms are known, the efficacy of PBO in these cases suggests the mechanism involves enhanced p450-mediated detoxification [29, 30] . Pesticide-resistant populations, including aquatic invertebrates, with increased p450 metabolism therefore also could face PBO synergism of DDT if these two compounds co-occurred at biologically relevant concentrations. This effect has been shown in laboratory exposures with DDT-resistant Drosophila populations capable of metabolizing DDT via a p450-mediated pathway [31, 32] .
In addition to resistance, species differences in p450 metabolism also appear to have a dramatic influence on PBO efficacy. Exposure to PBO did not alter organophosphate toxicity to L. variegatus, whereas PBO exposure in C. tentans and H. azteca caused the expected mitigation of toxicity [1] . The authors postulate that L. variegatus has a relatively low p450 metabolic activity and pesticides and xenobiotics are detoxified via other pathways, such as carboxylesterases or glutathione-S-transferases. Oligochaetes and other organisms with low p450 activity will be much less sensitive to the synergistic effects of PBO under environmental conditions as well.
Regardless, populations of H. azteca do exist in creeks throughout the United States. In order to protect this sensitive species and others, effective monitoring programs should consider the cumulative effect of exposure to contaminant mixtures, and additional information on environmental PBO levels should be acquired before dismissing potential synergism of pyrethroids under realistic environmental conditions.
CONCLUSION
Laboratory toxicity tests conducted with the amphipod, H. azteca, show that PBO effectively synergizes toxicity of the pyrethroid pesticide permethrin. Permethrin sediment 10-d LC50s conducted with exposure to PBO via spiked water and sediment caused increased toxicity at concentrations as low as 2.3 g/L and 12.5 g/kg. In permethrin sediment toxicity tests with PBO exposure via water only, 11.3 g/L PBO was required before permethrin toxicity to H. azteca was enhanced.
In field samples from urban creeks in California and Tennessee, and samples from a California wetland following mosquito abatement treatments applied with ultralow-volume foggers, PBO water concentrations were far below those necessary to synergize permethrin. In a small proportion of the samples, sediment PBO concentrations did approach such levels, although PBO concentrations in overlying water were not measured or were below synergistic levels at these times. Given that synergistic levels of PBO appear to occur infrequently, and they would have to co-occur with toxicologically relevant levels of pyrethroids in the environment to be of concern, it appears environmental synergism of pyrethroids by PBO would be unlikely, except perhaps under exceptional circumstances.
Pyrethroid use has been increasing in recent years, especially in urban areas. Given the recent concern over West Nile virus and the withdrawal of some alternative pesticides from the consumer market, this trend likely will continue. Although, when based on the limited data the risk of environmental synergy appears low, more information on pyrethroid distribution in urban creeks, as well as additional information on PBO concentrations in surface waters and sediments, is necessary to assess properly risk from pesticide residues.
